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Abstract variations in ionospheric total electron content (TEC) associated with ultralow frequency (ULF)
magnetic field variations in the Pc4 (6.7-22.0 mHz) frequency band were observed in the early morning
sector. TEC variations were observed by the Global Positioning System (GPS) receiver in Sanikiluag, Nunavut
(56.54°N, 280.77°E), which is located near the equatorward edge of the auroral region. Small-amplitude Pc4
ULF waves were observed by the Sanikiluag ground magnetometer and by the geosynchronous GOES 13
satellite. TEC and magnetic field both exhibited narrowband, highly regular, quasi-sinusoidal waveforms, with
high correlation and coherence indicating a clear link between TEC variations and Pc4 ULF activity. Variations
in TEC and 30-50 keV electron flux observed by GOES 13 were also highly correlated and coherent. TEC
variations observed directly above Sanikiluag were in antiphase with eastward magnetic field variations on
the ground, while TEC variations observed at the footprint of the GOES 13 satellite were in phase with
GOES radial magnetic field and 30-50 keV electron flux. Intermittent occurrence of TEC variations observed
by multiple GPS satellites indicated a localized ionospheric response to the Pc4 activity. This is the first
clear evidence of a TEC response to these so called “giant pulsations (Pgs).” By applying a multisatellite
triangulation technique, the phase velocity, group velocity, and azimuthal wave number of TEC variations
were also calculated for an interval of highly coherent measurements. The phase and group propagation
velocities were 2-7 km/s and 1-3 km/s north and westward, respectively, while the azimuthal wave number
ranged from —35 to —310.

1. Introduction

Total electron content (TEC) measurements of the Global Positioning System (GPS) provide a relatively new
and largely unexplored technique for observing the ionospheric response to ultralow frequency (ULF)
magnetic field pulsations. Two recent studies [Pilipenko et al., 2014; Watson et al., 2015] have reported mod-
ulation of GPS-derived TEC at auroral latitudes by ultralow frequency (ULF) magnetic field pulsations.
Pilipenko et al. [2014] observed small-amplitude variations in GPS TEC (<1 TEC unit (total electron content
unit, 1 TECU =10"®elm™~2 (TECU)) peak-to-peak amplitude) associated with intense Pc5 band (1.67-6.67 mHz)
ULF waves observed on the ground. TEC variations were observed in the afternoon, during the recovery phase
of a strong geomagnetic storm. Watson et al. [2015] reported large-amplitude (2-7 TECU), GPS TEC variations
associated with moderate amplitude, compressional mode Pc5 and Pc6 (<6.67 mHz) variations in the afternoon
sector. ULF waves were concurrently observed by geosynchronous satellites and ground magnetometers
during a moderate geomagnetic storm.

It has been understood for several decades that ULF waves can impact the ionospheric TEC. By using the
carrier phase of satellite-to-ground transmissions of the geostationary ATS 6 satellite, Davies and Hartmann
[1976] observed very small-amplitude (<0.002 TECU), quasi-sinusoidal variations in TEC at frequencies of
20-30 mHz. Although no direct correlation was found, the authors suggested that these TEC variations were
due to Pc4 magnetic field variations. Using the same measurement technique, Okuzawa and Davies [1981]
observed midlatitude variations in TEC at frequencies of 20-100 mHz and amplitudes less than 0.02 TECU.
The authors found similar spectral components in TEC variations and simultaneous magnetic field variations
observed on the ground. Poole and Sutcliffe [1987] and Liu and Berkey [1993] theoretically explored variations
in TEC arising from the influence of ULF waves on the advection and divergence terms of the electron
continuity equation for the ionosphere.

ULF waves at Pc4 frequencies characteristic of morningside auroral latitudes are often termed “giant pulsa-
tions (Pgs)” [Rostoker et al.,, 1979; Chisham et al., 1997]. Pg pulsations are mainly observed during periods
of low geomagnetic activity [e.g., Motoba et al., 2015] and are most often attributed to particle instabilities
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in the magnetosphere [e.g., Chisham, 1996]. They manifest as highly regular, sinusoidal waveforms in ground
and satellite magnetometer measurements, typically lasting for 10 min up to several hours [Motoba et al.,
2015]. Previous observational studies have attributed Pg activity to even [Takahashi et al., 1992, 2011] and
second-order [Chisham and Orr, 1991] harmonics of poloidal mode Alfvén standing waves, potentially result-
ing from drift-bounce resonance with magnetospheric ions [e.g., Dai et al., 2013]. Dai et al. [2015] recently
conducted a statistical study of narrowband, Pc4 poloidal mode waves by using radiation belt space probe
observations, which revealed occurrence rates of up to 3.7% on the dayside at L ~4-5. Examination of the
phase structure of Pg puslations has generally revealed a westward propagation with a relatively high azi-
muthal wave number (m) in the range of —10 to —50 [e.g., Chisham et al., 1992; Motoba et al., 2015]. As
opposed to the more global Pc5 pulsations observed in previous studies that have used TEC measurements
[Pilipenko et al., 2014; Watson et al., 2015], giant pulsations are observed in localized magnetospheric regions,
with a highly confined radial extent of ~ 1 Rg [Rostoker et al., 1979; Chisham et al., 1992].

Electromagnetic waves radiated from ULF-induced ionospheric currents can be observed on the ground as
signatures of magnetospheric ULF waves. A well-known effect of the ionosphere on Alfvén waves is a rotation
of transverse magnetic field perturbations when observed on the ground [e.g., Hughes and Southwood, 1976].
For uniform ionospheric conductivity and perpendicular background magnetic field (relative to the ground),
the ground magnetic field perturbation is a signature of the Hall current and is rotated 90° counterclockwise
with respect to the ULF wave in the magnetosphere. A second well-known effect is the ionospheric attenua-
tion (i.e., screening) of ULF waves with small azimuthal scales. Hughes [1974] described this “atmospheric
shielding effect,” where the wave amplitude on the ground is reduced or completely eliminated.

2. Observations and Analysis

This study makes use of concurrent ground- and satellite-based geomagnetic field measurements and
ground-based GPS receiver measurements to examine Pc4 ULF activity and the associated TEC response.
TEC is from the Sanikiluaq (56.54°N, 280.77°E geographic coordinates) GPS receiver of the Canadian High
Arctic lonospheric Network (CHAIN) [Jayachandran et al., 2009] and is available at 1 Hz resolution. TEC mea-
surements were detrended using a high band-pass (>0.37 mHz), third-order Butterworth filter. To reduce
multipath effects, only TEC from GPS satellites at elevations greater than 25° was considered. TEC measure-
ments are quantified in TEC units (TECUs), where 1 TECU=el 10" elm ™,

Satellite magnetic field observations are from the fluxgate magnetometer on board the GOES 13 spacecraft,
which is located on a geosynchronous orbit at 285.4° east geographic longitude (356.9° magnetic longitude
and 12.5° magnetic latitude). High-energy electron (30-100 keV and proton (80-110 keV) flux measurements
of the GOES 13 magnetospheric electron detector (MAGED) and magnetospheric proton detector (MAGPD)
are also presented in this study. GOES magnetic field is available at a 2 Hz resolution, while particle flux was
sampled at 25 (electrons) and 16's (protons). Sanikiluaq magnetic field measurements on the ground were
provided by the Canadian Magnetic Observatory System, which is operated by the Geological Survey of
Canada. Ground magnetic field is sampled at 1 Hz resolution.

Magnetic field measurements of the GOES 13 satellite were converted to a mean field-aligned coordinate
system, similar to measurements presented by Sarris et al. [2009] and Watson et al. [2015]. Coordinate axes
(e, e, e,) were defined by a 45 min running average (B,,4) of the total magnetic field, where e is along
B..g €, is at the right angle relative to both e and a vector r, that runs from the Earth’s center to GOES
13, and e, completes the right-handed, orthogonal coordinate system

; e, = e XIs, e =e,Xxe (M

Compressional mode, toroidal (azimuthal) mode, and poloidal (radial) mode pulsations appear in the e, e
and e, directions, respectively.

Pr

Pc4 band GPS TEC variations associated with Pc4 magnetic field variations were observed in the early morn-
ing during 07:00-09:30 UTC (02:02-04:31 magnetic local time) on 15 September 2011. This event was
observed during a period of low geomagnetic activity (Dst=—20, Kp=1-2) and during recovery from a
period of low to moderate auroral activity (AU=100, AL=—250). Figure 1 shows magnetic coordinates of
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Figure 1. Geomagnetic coordinates of Sanikiluag, the GOES 13 footprint, and ~ (P+) flux measurements from tele-
ionospheric pierce points (IPPs) of GPS ray paths at 120 km altitude. Solid black ~ scope 7 of the GOES 13 MAGED and
IPP traces indicate where ULF-related TEC variations were observed. MAGPD, as well as the pitch angle of

telescope 7 (dashed line); (c) ground
magnetic field variations (AB) from Sanikiluaq in geographic north (X), east (Y), and vertically downward (2)
coordinates; and (d) detrended TEC variations (ATEC) from five GPS satellites visible to the Sanikiluaq receiver.
A DC offset was added to TEC and magnetic field measurements in order to make the variations more clear.
Measurements shown in Figure 3 are in the same format as Figure 2 but with a Pc4 (6.67-22.00 mHz) band-
pass filter applied. Variations in electron flux (AFlux) are plotted in Figure 3, with a DC offset applied. Similar to
Figure 1, periods where TEC variations were linked to Pc4 ULF activity are highlighted in black in Figures 2d
and 3d.

Starting around 07:12 UTC, Pc4 variations of up to 2 nT were observed by GOES 13 in all three field-aligned
coordinates. Pulsations of about 1 min periodicity continued until 09:15 UTC, with diminishing amplitudes
as the event progressed. Field-aligned (B))) variations diminished significantly around 08:05 UTC. Also evi-
dentin Figure 2a were longer period (10-25 min) variations in the GOES 13 magnetic field. Wave packets,
or periodic (10-25 min) “pulses” of large Pc4 amplitude, were evident in band-pass filtered B, and B, of
Figure 3a. Similar wave packet structuring has been observed in previous Pg pulsation events [e.g.,
Takahashi et al., 2011]. Also notable is the comparable amplitudes of Pc4 pulsations in the azimuthal
and radial directions for most the event. For high-m poloidal waves, magnetospheric MHD models often
predict an asymptotic decay of the radial component over time due to a rotation of the wave polarization
from radial to azimuthal [e.g., Mann and Wright, 1995]. A similar lack of apparent mode exchange has also
been observed in previous Pg events and has been attributed to the continuous driving of the giant
pulsation and thus continuous energy source for the poloidal oscillations [Chisham et al., 1997]. Mager
and Klimushkin [2013] suggested that trapping of Pg waves in a magnetospheric resonator could explain
a number of Pg features, including the sustained poloidal variations and wave packet (amplitude
modulation) structure.

As shown in Figures 2b and 3b, significant Pc4 band variations in 30-100 keV electron flux and 80-110 keV
proton flux were also observed by GOES 13 from 07:30 to 09:00 UTC. No significant flux variations were
observed for electrons >100keV or protons >110keV, while lower energy electron (<30keV) and proton
(<80 keV) measurements were not available. Amplitudes of electron and proton flux variations also displayed
a periodic character, appearing as wave packets of 10-15 min duration that were simultaneous with similar
wave packets in GOES 13 radial (B,) magnetic field.

WATSON ET AL.

GPS TEC RESPONSE TO PG ACTIVITY 1724



@AG U Journal of Geophysical Research: Space Physics 10.1002/2015JA022253

15 Sept 2011

'2["a) GOES 13 Magnetic Field IB, =932 nT ]
10— Azimuthal (B 1 —

. WWW AN Wi ‘/WM/V\/\N\/\/\MWMAW’WW

€ | Radial(B) « E
5 6 fvw\ oy MNWWWM/\M T MWW A ppirdian,
- Parallel (B) E

2 T\/”“M“Mw WKMMWNWWNMWWNMWWWWWWW

TTT

5
(=}

b) GOES 13 MAGPD and MAGED - Tele 07
A

IS
(=)

2e4 —

13
S

Pitch Angle (deg)

|

nvaV“W
30-50 keV e- M

— mmw’f\h
WM_ ~50-100keV e-

D
S

Flux (#/(cm>-s-str-keV))
3
'

6e3 [ — e e B
NN NN AN V) L/\M/\’ AN VA A T 10
- 80-110keV pt+ 2
b c) Sanikilua(i Magnetometei‘ |Bm|=5.ée4 nT
30 Vertical downward (Z)

|

E 60 Eastward (Y)
= b e S\ M VAN A A
< 40 — /\/J /\/\\ |
e \ ) Y North poleward (X) 9
20 X\/ M\\ ! \MWMW
oL ‘ ‘ ‘

IVTECI=4.0 TECU

& w
T
&
w
&
=
&,
£
s
=
)
=
©w
-
=
a

o)
)
z
)
)
?

T[T
ls”)

I

Z

I3

(S}

)

7~

z

w
1

ATEC (TECU)
(9%

08:30 09:00 09:30
0333 04:04 04:34
03331 04:01 04331

UTC/GOES MLT/SNK MLT (hh:mm)

Figure 2. (a) GOES 13 magnetic field variations (AB), (b) GOES 13 MAGED electron flux (30-100 keV), MAGPD proton flux
(80-110 keV), and pitch angle of telescope 7; (c) Sanikiluag magnetic field variations (AB); and (d) Sanikiluagq GPS TEC
variations (ATEC). A DC shift was applied to magnetic field and TEC measurements for visualization purposes. TEC
measurements plotted in black indicate where ULF-related TEC variations were observed.

As shown in Figures 2c and 3c, Pc4 waves of up to 6 nT were detected by the Sanikiluag magnetometer
starting at 07:15 UTC, concurrent with the onset of Pc4 variations at GOES 13. Pc4 activity was evident in each
magnetic field component, lasting until 09:15 UTC in eastward (Y) and downward (2) directions while
diminishing around 08:45 UTC in the poleward (X) direction. Ground Pc4 signatures also manifested as wave
packets of 10-25 min duration, which roughly coincided with wave packets observed in the GOES 13 radial
(B,) magnetic field and 30-100 keV electron and 80-110 keV proton flux.

As shown in Figures 2d and 3d, variations in GPS TEC with peak-to-peak amplitudes of up to 0.35 TECU were
observed by several GPS satellites. Occurrence of narrowband TEC variations with frequencies closely match-
ing those of Pc4 magnetic field variations was intermittent and varied from satellite to satellite. Referring to
IPP coordinates in Figure 1, Pc4 band TEC variations were first observed around 07:20 UTC by PRN 12, the
easternmost satellite. Variations were observed almost continuously by PRN 12 until 09:30 UTC, as the satel-
lite tracked to the northeast of Sanikiluag. Similar to magnetic field variations, TEC variations appeared in
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15 Sept 2011 - Pc4 Variations (6 67-22.00 mHz)
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Figure 3. Same format as Figure 2, with a Pc4 (6.67-22.00 mHz) third-order Butterworth band-pass filter applied. Particle

flux variations (AFlux) are shown in Figure 3b.

pulses of high amplitude but with shorter 5-10 min durations. PRN 32, located to the northwest of Sanikiluag,
observed TEC variations for a large portion of the interval 08:10-09:22 UTC. PRN 14, which provided TEC mea-
surements for the entire event, observed clear Pc4 signatures only during 07:55-08:12 UTC, as it tracked
directly overhead Sanikiluaq. PRN 22 observed clear, monochromatic variations from 07:28 to 08:11 UTC, with
no clear variations observed when the satellite progressed to more southern latitudes. PRN 31, located to the
southwest of Sanikiluag, observed no clear Pc4 TEC variations related to Pc4 magnetic field activity. These
multisatellite observations indicate that the TEC response to Pc4 activity expanded westward, with a more
steady ionospheric response to the east and northwest of Sanikiluag and little to no response to the south
of Sanikiluag. Note that the GOES 15 satellite, located 15° to the west of GOES 13, observed similar Pc4 activity
at a delay of ~17 min, while ground magnetometer stations (Gilliam and Fort Churchill) located 25° to the
west of Sanikiluag observed no significant Pc4 activity. Since the corotation speed of GOES satellites is only
0.25° per minute, the ~17 min delay indicates an apparent westward propagation of Pc4 activity at the geo-
synchronous orbit. A westward phase propagation is a characteristic of Pg events, and there is past observa-
tional evidence to suggest that this reflects the bounce resonance [Chisham et al., 1992] or drift resonance

[Dai et al., 2013] of Pc4 waves with westward drifting ring current ions.
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Figure 4. (a) Pc4 band-pass filtered PRN 14 ATEC, GOES 13 AB,, Sanikiluag ABy, and GOES 13 30-50 keV electron flux, in
addition to PRN 14 satellite elevation. (b) Cross correlation of PRN 14 TEC with GOES 13 B,, Sanikiluaq By, and GOES 13
electron flux.

Figure 4 shows cross-correlation analysis of PRN 14 TEC with GOES 13 B,, Sanikiluaq By, and GOES 13 30-50 keV
electron flux for 08:02-08:12 UTC. PRN 14 was almost directly overhead Sanikiluaq during this interval. Figure 4a
plots GOES 13 AB, and electron flux variations, Sanikiluag ABy, and ATEC and satellite elevation of PRN 14.
Similar quasi-sinusoidal and highly regular waveforms are evident in TEC, magnetic field, and electron flux
measurements. Figure 4b shows cross correlation of unfiltered PRN 14 TEC from 08:02 to 08:12 UTC, with slid-
ing 10 min windows of GOES 13 B, (black), Sanikiluag By (dotted line), and GOES 13 electron flux (grey). Peak
correlations are marked with an asterisk and are listed in the figure along with the corresponding time delays.
A negative delay indicates that variations in PRN 14 TEC lag behind the corresponding magnetic field or flux
variations. High anticorrelation of —0.83 between PRN 14 TEC and Sanikiluaq By was found at a delay of —7s,
indicating that variations in TEC and eastward magnetic field were approximately 180° out of phase. Sanikiluaq
By (not shown) and PRN 14 TEC were close to in phase over this interval. PRN 14 TEC was highly correlated with
GOES 13 B, (0.7) and 30-50 keV electron flux (0.82) at a delay of —29s and —22 s and anticorrelated at delay of
25sand 325, respectively, and thus, the phase relationship between these variations was unclear. Visual exam-
ination of PRN 14 TEC and GOES 13 electron flux in Figure 4a reveals remarkably similar waveforms. There was
insignificant correlation (<0.5) between PRN 14 TEC and 80-110keV proton flux over this time interval
(not shown).
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Figure 5. Cross-correlation analysis using PRN 22 TEC for 07:58-08:06 UTC, in the same format as Figure 4.

Figure 5 shows similar correlation analysis for PRN 22 TEC and magnetic field/electron flux measurements for
7:58-8:06 UTC, when the PRN 22 IPP was in close proximity to the GOES 13 footprint. Variations in PRN 22 TEC
were similar to variations in GOES 13 B,, Sanikiluaq By, and GOES 13 30-50 keV electron flux, with correlations
of 0.70, —0.88, and 0.84 at delays of 35, 175, and 1 s, respectively. Note that the PRN 22 TEC variations, GOES
13 magnetic field variations, and GOES 13 electron flux variations are very close to in phase during this time
interval. The relative phase between PRN 22 TEC variations and magnetic field/flux variations differs from
phase delays observed in Figure 4, indicating that the phase of TEC variations has a significant spatial varia-
tion. The relative phase of TEC variations is further examined in Figure 8. There was significant correlation
(0.74) between PRN 22 TEC and GOES 13 80-110keV proton flux during this time interval, at a time delay
of 24's (not shown).

In the interest of investigating a possible drift-bounce resonance generating the observed Pc4 pulsations, the
relative phase of GOES 13 B, and proton flux variations was also examined (not shown). While magnetic field
and ion flux variations are expected to be in quadrature for resonance mechanisms [e.g., Dai et al., 2013], no
consistent phase relationship was observed between GOES 13 B, and 80-110 keV proton flux from any of the
nine MAGPD telescopes during the event, and thus, no evidence of drift-bounce resonance was observed.
The presence of undetected resonant protons at lower energies (<80 keV) is possible, as was observed by
Chisham et al. [1992], while some aliasing effects may have been present in the 16 s resolution GOES 13 pro-
ton flux data.
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Figure 6. Dynamic power spectra of (a) GOES 13 radial (B,) magnetic field, (b) GOES 13 30-50 keV electron flux measure-
ments of telescope 7, (c) Sanikiluaq eastward (Y) magnetic field, and (d-h) Sanikiluag GPS TEC.

As shown in Figures 4 and 5, variations in GOES 13 B, lead variations in Sanikiluaq By by 28°-37° (while
accounting for the 90° counterclockwise rotation of the wave polarization), which is consistently the case
throughout the event. Referring to Figure 1, the longitudinal separation between Sanikiluaq and the GOES
13 footprint is 0.6°—0.8° during the event, which corresponds to an azimuthal wave number in the range of
—35 to —62. This agrees with previous wave number estimates for Pg events [Chisham et al., 1992; Motoba
et al.,, 2015]. Given the latitudinal separation of Sanikiluag and the GOES 13 footprint (0.3°-0.7°), there is a
possible latitudinal component to the phase shift that has not been accounted for in this estimation of the
azimuthal wave number.

Figure 6 shows 0-30 mHz dynamic power spectra of (a) GOES 13 radial (B,) magnetic field, (b) electron flux for
energies of 30-50keV, (c) eastward (Y) magnetic field on the ground in Sanikiluag, and (d)-(h) GPS TEC for
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Figure 7. Cross-dynamic spectral power and magnitude squared coherence for (a) PRN 12 TEC and GOES 13 radial (B,)
magnetic field, (b) PRN 12 TEC and Sanikiluaq eastward (Y) magnetic field, and (c) PRN 12 TEC and GOES 13 30-50 keV
electron flux of telescope 7. Arrows show cross phase of TEC and magnetic field/flux variations.

multisatellite measurements shown in Figure 2d. Dynamic power spectra were calculated using the S trans-
form [Stockwell et al., 1996]. As seen in Figures 6a—6¢, magnetic field and electron flux variations were domi-
nated by a narrow band of frequencies in the range of 9.5-10.5 mHz. Other components in GOES 13 and
Sanikiluag magnetic field measurements were dominated by the same narrow band of frequencies. The
dynamic power spectrum for 80-110 keV protons observed by GOES 13 (not shown) revealed a narrow band
of frequencies around 8.0-9.0 mHz, slightly lower than dominant frequencies of GOES 13 magnetic field and
electron flux variations. A notable feature in the dynamic power spectrum for GOES 13 variations (Figure 6a)
was a narrowband frequency of ~21 mHz observed from 07:25 to 07:53 UTC, which indicates a possible
higher harmonic associated with resonant variations of magnetic field lines.
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In Figures 6d-6h, intermittent, narrowband frequency components closely matching magnetic field and elec-
tron flux frequencies are evident in TEC dynamic power spectra. Intervals where TEC frequencies closely
matched those of magnetic field variations are highlighted in Figures 1-3. No clear Pc4 frequency compo-
nents related to Pc4 magnetic field variations were observed in the PRN 31 TEC dynamic power spectrum.

Figure 7 shows cross-spectral analysis of PRN 12 TEC with (a) GOES 13 B,, (b) Sanikiluaq By, and (c) GOES 13
30-50keV electron flux of telescope 7. Color contours in Figures 7a-7c show the cross-spectral power and
magnitude squared coherence of the dynamic power spectra, while arrows in Figures 7a-7c indicate the
relative phase between TEC and magnetic field/flux variations. An arrow pointing right indicates in-phase
variations, while an arrow pointing up indicates that PRN 12 TEC is 90° ahead in phase. In coherence plots,
relative phase is shown only where coherence was greater than 0.6. The cross-spectral power highlights
common spectral components in the two time series, while the coherence highlights phase-locked varia-
tions in time-frequency space. This cross-spectral analysis technique is discussed in detail by Grinsted et al.
[2004], with similar analysis carried out by Pilipenko et al. [2014] and Watson et al. [2015]. Cross-spectral
analysis clearly indicates a link between PRN 12 TEC variations and Pc4 ULF waves observed by GOES 13
and Sanikiluag magnetometers, with intermittent periods of high common power at Pc4 ULF wave
frequencies throughout the event and high coherence at these same frequencies.

In order to examine the local phase structure of TEC variations in the Pc4 band, the cross phase of TEC varia-
tions observed by three GPS satellites was examined for 07:51-08:07 UTC. Narrowband, coherent Pc4 band
TEC variations were observed by PRNs 12, 14, and 22 during this time interval. Shown in Figure 8 are (a)
PRN IPP locations at 110 km altitude for the 16 min interval, (b) Pc4 band-pass filtered TEC, (c)-(e) coherence
and cross phase for each combination of TEC measurements, where an arrow pointing up indicates that PRN
14 TEC (c) or PRN 22 TEC (d)-(e) is 90° ahead in phase, (f) apparent phase (dashed lines) and group (solid lines)
propagation speeds of TEC variations between each pair of IPPs, and (g) latitudinal (blue), longitudinal (red),
and total (black) phase and group propagation speeds of TEC variations, calculated using a triangulation
technique discussed below. The azimuthal wave number (dotted line) was calculated from the longitudinal
component of the phase variation (f).

In Figure 8f, the apparent phase propagation velocities (V;; phase) between IPPs of PRNs i,j were calculated using

d
Vij phase = _A;j' )]
1]

where d; ; is the displacement between IPPs j,j and At; ; is the propagation time of TEC variations between
IPPs i,j. Phase velocity was calculated at 9.7 mHz (peak spectral power), only when the cross-spectral coher-
ence in Figures 8c-8e was >0.6. Propagation time was calculated from the relative phase A¢;; of TEC
variations shown in Figures 8c-8e using

Aty =—H @3)

where f is the frequency of TEC variations and N is the number of full integer cycles that TEC variations
undergo as they propagate between two IPPs. For all calculations it was assumed that N=0. The apparent
group propagation velocity (v; ; group) between each IPP pair j,j was calculated from the dispersion character-
istics of the TEC waveforms, similar to the analysis technique used by Chisham and Mann [1999] to calculate
the group propagation speed of a high-m Pc5 wave observed by a network of ground magnetometers. The
apparent wave number (k; ;) for each IPP pair is simply

ko) = 220 @

dij

which varies with frequency f as seen in Figures 8c-8e. At times where k; ; had an approximate linear variation
with frequency, and the coherence of TEC variations observed by PRNs i,j was >0.6, the apparent group
speed for each IPP pair was calculated as

Aw
Vij group = m (5)

where o =2xf.
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Figure 8. Cross-phase analysis of TEC variations observed by PRNs 12, 14, and 22 for 07:51-08:07 UTC: (a) PRN IPPs at 110 km
altitude, (b) ATEC filtered in the Pc4 frequency band, (c-e) cross phase and spectral coherence for each combination of TEC
measurements, (f) apparent phase and group propagation speeds on straight line paths between IPP pairs, and (g) phase

velocity, group velocity, and azimuthal wave number of TEC variations estimated using a triangulation technique discussed in

the text.

Longitudinal and latitudinal phase and group velocities shown in Figure 8g were calculated using a triangu-
lation technique that has been applied in previous TEC observations of propagation ionospheric structures
[Watson et al., 2011; Jayachandran et al., 2011; Watson et al., 2015]. Details of the technique are discussed
in Watson et al. [2015]. In this technique, the magnitude (|vgop|) and direction (ep,qp) of phase and group
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propagation velocities are estimated from projections of apparent propagation velocities (v;;) between PRN
IPP pairs

}Vprop| =V €prop (6)

where for TEC observations from three GPS satellites, the three possible velocities v;; are applied to equation (6)
to determine the best estimate of vg,. Azimuthal wave number in Figure 8g was calculated from the
longitudinal component of the phase propagation and is defined as the change in degree phase per degree
longitude (negative for westward propagation).

In Figure 8f, positive phase and group velocities for propagation from PRN 22 to PRN 14 and negative
velocities for propagation from PRN 14 to PRN 12 and PRN 22 to PRN 12 indicate a consistent westward
and northward propagation during the 16 min time interval. Group velocities were only calculated during
07:58-08:08 UTC, when frequency changed linearly with wave number. As observed in Figures 8c-8e, sudden
changes in relative phase of TEC variations occur during ~07:56-07:59 UTC, resulting in the sudden change in
apparent phase propagation velocities in Figure 8f. Phase propagation velocity in Figure 8g shows a primarily
northward propagation of ~2 km/s for ~07:54-07:58 UTC, with an azimuthal wave number of —240 to —310
reflecting the small longitudinal component (~ —0.km/s) of the propagation. During the change in relative
phase of TEC variations, phase propagation velocity increased to ~6 km/s westward and ~4 km/s northward
at 07:59 UTC, followed by a steady decrease to ~4 km/s westward and ~2 km/s northward at 08:05 UTC. The
azimuthal wave number varied from —20 to —40 over this interval. Before the shift in relative phase, the lati-
tudinal component of the phase shift was 180°-230° over the ~0.8° latitudinal range of IPPs in Figure 8a and
90°-160° after the phase shift. Calculated group velocities at ~07:59 UTC were ~0.5 km/s westward and
0.9 km/s northward, with a net increase to ~2 km/s westward and ~2 km/s northward at 08:05 UTC.

The assumption that ionization resulting in observed TEC variations occurs at 110 km, and thus the choice of
IPP altitude at 110 km for calculation of propagation velocities, will impact the magnitude of calculated phase
and group propagation velocities, but not the direction. For example, an assumption that ionization occurs at
270 km altitude in the F region will result in phase propagation speeds of ~3-18 km/s, group speeds of ~3-
6 km/s, and azimuthal wave numbers ranging from —10 to —153 during the time interval 07:54-08:05 UTC.
No measurements from all sky imagers, riometers, ionosondes, etc., were available in Sanikiluag during this
event to help determine the altitude of ionization.

The longitudinal phase propagation and azimuthal wave number (—20 to —40) of TEC variations for
07:59-08:05 UTC is in the range of previous estimates for Pg waves [Chisham et al., 1992; Motoba et al.,
2015] and is also close to the m number estimated from magnetic field measurements of GOES 13 and
Sanikiluag magnetometers for this event (—35 to —62). As noted previously, this estimate did not account
for a possible latitudinal contribution to the relative phase of magnetic field variations. There was also a sig-
nificant northward component (radial in the magnetosphere) to the phase propagation of TEC variations,
which may partially reflect the latitudinal structure of field line resonance. The local phase structure of TEC
variations associated with the giant pulsations varied significantly during the event, and further analysis is
required to find a physical interpretation of the phase structure and its evolution over time and to resolve spa-
tial and temporal variations in TEC. Further study is also needed to determine if and how the phase structure
of TEC variations accurately reflects the phase structure and propagation of the ULF wave itself. Although the
physical interpretations of the results shown in Figure 8 are not clear, this figure demonstrates the potential
applicability of the GPS TEC technique in the high-resolution study of high-m giant pulsations and other
ULF waves.

3. Discussion and Conclusions

Variations in GPS-derived TEC were attributed to narrowband, low-intensity Pc4 ULF wave activity.
Characteristics of Pc4 ULF waves were consistent with previous descriptions of giant pulsations (Pgs)
often observed in the early morning auroral ionosphere. During observed Pc4 activity, small-amplitude
(0.05-0.35 TECU peak-to-peak amplitude), highly sinusoidal waveforms were observed in TEC measure-
ments of multiple GPS satellites. Cross correlation and cross-spectral analysis revealed high correlation
and coherence between TEC and magnetic field variations, indicating that TEC variations were clearly
linked to Pc4 ULF activity. Multisatellite observations of intermittent TEC variations indicated that the
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ionospheric response to Pc4 activity was highly localized and that the phase of the TEC response varied
sharply with latitude and local time. TEC variations observed directly overhead Sanikiluag were approxi-
mately in antiphase with eastward (By) magnetic field variations observed by the Sanikiluaq magnet-
ometer, while TEC variations observed near the footprint of the GOES 13 satellite were approximately
in phase with variations in magnetic field (B, component) and 30-50keV electron flux observed by
GOES 13. This is the first clear observation of TEC variations associated with giant pulsations (Pgs).

Peak-to-peak amplitudes of TEC variations associated with Pc4 waves were in the range of 0.05-0.35TECU,
which corresponds to a fractional disturbance (ATEC/TEC) of 2%-8% relative to the 3-5 TECU estimated back-
ground TEC during this event. Using theoretical considerations, Pilipenko et al. [2014] outlined a number of
mechanisms by which the wave action on the ionosphere could produce fractional TEC variations of up to
~1.0%, significantly smaller than the fractional variations observed here. One possible mechanism to explain
the TEC response to Pc4 waves is the wave-modulated precipitation of energetic particles. Hillebrand et al.
[1982] observed modulation of 30-50keV electron flux by giant pulsations, which they suggested would
produce periodic ionization of the D region ionosphere and E region ionosphere. Chisham et al. [1992] also
discussed Pg modulation of energetic particle precipitation by replenishment of the atmospheric loss cone
through pitch angle diffusion. In this study, TEC variations showed high correlation and coherence with
30-50keV electron flux observed by GOES 13; however, this is not sufficient evidence that wave-modulated
electron precipitation resulted in observed variations in TEC.

Multisatellite measurements and a simple triangulation technique were also used to estimate the local phase
and dispersion characteristics of TEC variations associated with giant pulsations. For an 11 min interval where
coherent, multisatellite TEC variations were observed, TEC variations were found to initially propagate mainly
poleward, followed by a poleward and westward propagation due to a shift in relative phase of TEC varia-
tions. Assuming ionization of the E region ionosphere, TEC variations had a phase speed of ~2km/s and an
azimuthal wave number of —240 to —310 before the phase shift and a phase speed of 4-7 km/s and an azi-
muthal wave number of —20 to —40 after the phase shift. A group propagation speed of 1-3 km/s was also
calculated after the phase shift. The azimuthal wave number estimated from GOES 13 satellite and Sanikiluaq
ground magnetic field variations was —35 to —62. As demonstrated for this event, the GPS TEC technique is a
potentially useful tool for observing the local structure of giant pulsations and other high-m ULF waves,
which may be unobservable by measurement techniques with lower spatial resolutions such as ground mag-
netometer arrays. Further analysis is required to physically interpret the phase structure of TEC variations and
whether it accurately reflects the phase structure and propagation of the ULF wave.

The significant TEC response to low-intensity Pc4 ULF activity is an important addition to the existing obser-
vational picture of ULF wave interaction with the ionosphere. Further development of techniques such as
cross-phase analysis may be useful for examining the phase structure or propagation of TEC waveforms in
a relatively localized region of the ionosphere.
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